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PRELIMINARY MSFN ERROR ANALYSIS 

FOR AS-504A 

By Paul H.  Mitchell  

SUMMARY 

A t h e o r e t i c a l  e r r o r  analysis of simulated observations by t h e  
Manned Space F l ight  Network (MSF") w a s  performed t o  a s c e r t a i n  t h e  
expected accuracies of t h e  real-time o r b i t  determination so lu t ions  a t  
p a r t i c u l a r  t i m e s  during t h e  AS-504A mission. The expected accuracies 
a r e  presented at times immediately p r i o r  t o  a l l  maneuvers except 
a t t i t u d e  cont ro l  maneuvers and a t  o ther  times of i n t e r e s t  during t h e  
t r ans luna r  , lunar  parking o r b i t ,  and t r ansea r th  phases. 

The predic ted  accuracies ( 3 4 )  a t  t i m e s  of p a r t i c u l a r  i n t e r e s t  
are: 3.1 n. m i .  i n  pos i t ion  and 21.3 f p s  i n  ve loc i ty  at t r ans luna r  
i n j e c t i o n ,  5.9 n. m i .  i n  posit ion and 27.6 f p s  i n  ve loc i ty  a t  l una r  
o r b i t  i n s e r t i o n ,  1.5 n. m i .  i n  pos i t i on  and 10.5 f'ps i n  ve loc i ty  
at powered descent t o  t h e  lunar su r face ,  0.9 n. m i .  i n  pos i t i on  and 
6.2 f'ps i n  ve loc i ty  at LM-CSM i n t e r c e p t ,  0.6 n.  m i .  i n  pos i t i on  and 
3.9 fps i n  ve loc i ty  at t ransear th  i n j e c t i o n ,  and 0.4 n. m i .  i n  
pos i t i on  and 7.5 f'ps i n  velocity at reent ry .  

INTRODUCTION 

The purpose of t h i s  i n t e rna l  note i s  t o  present t h e  accuracies 
t h a t  can be expected f o r  real-time o r b i t  determination during t h e  
AS-504A mission ( r e f .  1) The accuracies t h a t  a r e  presented were 
computed by a l i n e a r  e r r o r  analysis program t h a t  simulates a 
weighted least squares f i l t e r i n g  technique. 

The simulated observations were assumed t o  be obtained from 
various MSFN t rack ing  s t a t i o n s .  I n  numerous cases throughout t h e  
mission seve ra l  t racking  s t a t ions  simultaneously viewed t h e  vehic le .  
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When t h i s  occurred e i t h e r  one or  t h ree  of t h e  t racking  s t a t i o n s ,  de- 
pending on the phase of t h e  mission, w a s  chosen t o  t r a c k  t h e  vehicle.  
The c r i t e r i a  employed t o  s e l e c t  t h e  t racking  s t a t i o n  w a s  based on t h e  
r e s u l t s  of previous analyses which have shown t h a t  through a judicious 
choice of s t a t ions  a c e r t a i n  geometric advantage can be gained t h a t  w i l l  
improve o r b i t a l  accuracies.  However, along with t h e  geometric consid- 
e r a t i o n s ,  it w a s  necessary t o  consider t h e  length of t h e  view period 
of t h e  ava i lab le  s t a t i o n s  i n  order t o  prevent switching s t a t i o n s  during 
o r  c lose  t o  c r i t i c a l  maneuvers. 

Procedures f o r  t h e  s e l e c t i o n  of s t a t i o n s  during t h e  e a r t h  o r b i t  
phase were well es tab l i shed  through pas t  experience and w i l l  not be 
discussed here. 
one s t a t i o n  a t  a time w a s  required t o  t r a c k  t h e  veh ic l e ,  a geometric 
advantage w a s  gained by frequent switching (every 3 t o  5 hours) of 
t racking  assignments among t h e  ava i l ab le  s t a t i o n s .  I n  operations i n  
the  v i c i n i t y  of t h e  moon, when t h r e e  s t a t i o n s  were requi red  t o  t r a c k  
t h e  vehic le  simultaneously, a geometric advantage w a s  gained by 
s e l e c t i n g  s t a t ions  t h a t  have m a x i m u m  north-south and east-west separa t ion .  

During t h e  t r ans luna r  and t r ansea r th  phases when only 

The simulated t racking  data were assumed t o  be a f f ec t ed  by noise ,  
biases , and s t a t i o n  loca t ion  unce r t a in t i e s .  Also, an uncer ta in ty  i n  
t h e  g rav i t a t iona l  constant of t h e  reference body (earth o r  moon) w a s  
considered. I n  the  ea r th  parking o r b i t  phase, an uncer ta in ty  i n  t h e  
acce lera t ion  due t o  drag and venting w a s  considered. 

For all of t h e  ana lys i s  it w a s  assumed t h a t  t h e  real-time o r b i t  
determination scheme solved f o r  t h r e e  components of p o s i t i o n ,  t h ree  
components of ve loc i ty ,  and, when three-way Doppler measurements were 
taken, t h e  bias on the  three-way Doppler data. 

Acknowledgments are made t o  Samuel 0. Mayfield and L a r r y  Bonin 
who contributed t o  t h i s  document. 

SYMBOLS 

ANT Antigua 

A S C  Ascension Is land  

BDA Bermuda I s l and  

CDH constant d e l t a  height ( c o e l l i p t i c )  maneuver 

CNB Canberra 

. 
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CNV 

CRO 

cs I 

CSM 

CY1 

EGL 

EO1 

EPO 

ESOI 

GBI 

GST 

GUA 

GYM 

G&N 

HAW 

LM 

LO1 

LPO 

Ls 01 

MAD 

MC C 

MSFN 

Cape Kennedy, F lor ida  

Carnarvon , Aust ra l ia  

coe l l i p t  i c  sequence i n i t i a t i o n  

command and se rv ice  modules 

Grand Canary I s l and  

Eglin A i r  Force Base, F lor ida  

ea r th  o rb i t  i n s e r t i o n  

ea r th  parking o r b i t  

ea r th ' s  sphere of inf luence 

Grand Bahama I s l and  

Goldstone, Cal i forn ia  

Guam 

Guaymas , Mexico 

guidance and navigation 

Kauai, H a w a i i  

lunar  module 

lunar  o r b i t  i n s e r t i o n  

lunar  parking o r b i t  

lunar  sphere of inf luence 

Madrid, Spain 

midcours e cor rec t ion  

Manned Space F l ight  Network 
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ODP 

RS S 

RTCC 

s-IVB 

TE 

T E I  

T M  

TL 

T L I  

TPI 

T&D 

USB 

orbit-determination program 

roo t  sum squared 

Real-Time C a p u t  er Complex 

Saturn I V  booster 

trans e a r t h  

t r a n s  ea r th  i n j e c t  ion  

Corpus C h r i s t i ,  Texas 

t r a n s  lunar  

t r ans luna r  i n j e c t i o n  

te rmina l  phase i n i t i a t i o n  

t r anspos i t i on  and docking 

un i f i ed  S-band 
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ERROR MODEL 

The e r r o r  model assumptions made i n  t h i s  ana lys i s  a r e  presented 
i n  t ab le s  I and I1 and agree with those i n  re ference  2. The uncer ta in ty  
i n  t h e  acce lera t ion  due t o  drag r e s u l t s  from assuming a 10 percent 
uncertainty i n  the  density of t h e  1962 Standard Atmosphere. 
uncer ta in ty  i n  t h e  acce lera t ion  due t o  venting r e s u l t s  from assuming 
a 1.0-lb uncertainty i n  the  force exerted by venting. 

The 

The execution e r r o r s  f o r  T L I ,  LOI ,  and T E I  burns were determined 
by propagating t h e  covariance matrix through t h e  burn. Propagation of 
t h e  covariance matrix, which w a s  computed from t h e  MSF" t rack ing  da ta  
p r i o r  t o  t h e  burn, w a s  done with a computer program which considers 
a c c e l e r m e t e r  b iases  and sca l e  fac tors  , platform misalignment and d r i f t  , 
s p e c i f i c  impulse of engine, mass, mass flow, and t a i l - o f f  e r r o r s .  

I 
I 

i MSF" DESCRIPTION FOR AS-504A 

The t racking  s t a t i o n s  and t h e i r  equipment used i n  t h i s  ana lys i s  
are l i s t e d  i n  t a b l e  I. The measurements made by t h e  C-band radars  
were range, azimuth angle, and elevation angle. These radars  were 
used only during t h e  e a r t h  parking o r b i t  phase. 

Two types of USB-stations w i l l  be ava i l ab le  f o r  AS-504AY those 
having 30- and 85-ft antennas. 
t h e  two-way and three-way modes. I n  the  two-way mode, one s t a t i o n  both 
t ransmi ts  and receives t h e  s igna l  and i s  designated a primary s t a t i o n .  
I n  t h e  three-way mode, only t h e  p r i m a r y  s t a t i o n  transmits t h e  s i g n a l ,  
and t h e  secondary s t a t i o n  receives t h e  s igna l .  Three-way Doppler may 
be obtained by more than one secondary s t a t i o n  at t h e  same t i m e  t h e  
primary s t a t i o n  i s  receiving two-way Doppler ( r e f  .2 )  . 

Two bas i c  modes of operation a r e  ava i l ab le ,  

I n  t h i s  ana lys i s ,  when three-way Doppler da t a  were obtained, t h e  
primary s t a t i o n  w a s  always a s t a t i o n  having an 85-ft antenna. I n  
addi t ion  t o  Doppler da t a ,  range and x, y angle da ta  can be obtained 
from the  USB-stations. 
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DESCRIPTION OF ANALYSIS AND DATA UTILIZATION 

The accuracy of real-time o r b i t  determination so lu t ions  i s  presented 
f o r  p a r t i c u l a r  times of i n t e r e s t  during t h e  AS-50bA mission. 
it is  pointed out t h a t  t h e  results are t h e o r e t i c a l  and a r e  highly de- 
pendent on the  assumed accuracies of t h e  MSF" t rack ing  instrumentation. 
For t h i s  ana lys i s ,  t h e  mission w i l l  be broken i n t o  f i v e  phases; e a r t h  
parking o r b i t ,  t r ans luna r ,  lunar parking o r b i t ,  LM opera t ions ,  and 
t r ansea r th .  

However, 

Earth Parking Orbit Phase 

The analysis i n  t h i s  phase consisted of t h e  simulation of C-band 
t racking  data, range and angles,  where observations were taken every 
6 seconds during radar view periods when t h e  spacecraf t  w a s  5' above t h e  
horizon. Range-rate and angles were taken by t h e  USB-stations at t h e  
same r a t e  a s  t h e  C-band data. The las t  s t a t i o n  (Carnarvon) t o  view t h e  
vehicle p r i o r  t o  t r ans luna r  i n j ec t ion  w a s  t h e  command s t a t i o n  which 
updated the  onboard es t imate  of t h e  s t a t e  vector.  
command s t a t i o n s  da t a  were not considered i n  t h e  repor ted  so lu t ion .  The 
covariance matrix determined from t h e  e a r t h  o r b i t  t rack ing  data w a s  
propagated through t h e  t r ans luna r  burn. 
w a s  then used as a p r i o r i  knowledge f o r  t h e  i n i t i a t i o n  of t h e  t r ans luna r  
phase. 

Consequently, t h e  

The propagated covariance matrix 

Translunar Phase 

The conditions at t h e  i n i t i a t i o n  of t r a n s p o s i t i o n  and docking were 
computed from two-way Doppler da ta  taken by H a w a i i  (2-8 min) and 
Goldstone (8-15 min) at 6 second i n t e r v a l s .  The two-way mode w a s  used 
throughout the remainder of t h i s  phase. 
obtained at  a r a t e  of one observation pe r  minute. 
Doppler data,  range measurements were made each hour from Goldstone, 
Madrid, Canberra, and Guam during t h e  times these  s t a t i o n s  were 
t racking .  No data were taken following lunar  occu l t a t ion .  The cov- 
ariance matrix a t  lunar  deboost w a s  based on t h e  accumulated t racking  
data and propagated through t h e  deboost burn. 
matrix w a s  then used as a p r i o r i  knowledge at t h e  i n i t i a t i o n  of t h e  lunar 
parking o rb i t  phase. 

Two-way Doppler data were 
I n  addi t ion  t o  t h e  

The propagated covariance 

Lunar Parking Orbit Phase 

During t h e  f i r s t  pass i n  f ron t  of t h e  moon, two secondary s t a t i o n s  
(Antigua, Hawaii) tracked i n  t h e  three-way mode, and Goldstone tracked 
i n  t h e  two-way mode tak ing  Doppler measurements a t  t h e  r a t e  of one 
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measurement every 6 seconds. 
of t h i s  phase with Doppler data being taken a t  a rate of one observation 
per  minute. This phase terminates at t r ansea r th  i n j e c t i o n .  

The two-way mode w a s  used f o r  t h e  remainder 

The covariance matrix determined from t h e  lunar  parking o r b i t  data 
w a s  propagated through t h e  t ransear th  i n j e c t i o n  burn. The propagated 
covariance matrix w a s  then used as a p r i o r i  knowledge f o r  t h e  t r a n s e a r t h  
phase. 

LM Operations Phase 

This phase begins at CSM-LM separation and ends a t  LM-CSM i n t e r c e p t .  
One primary and two secondary USB s t a t i o n s  simultaneously t racked  t h e  
LM during those periods t h a t  it was v i s i b l e  t o  t h e  e a r t h .  Each s t a t i o n  
obtained Doppler data at t h e  r a t e  of one observation every 6 seconds. 

The e r r o r  ana lys i s  of t h e  descent por t ion  of t h e  LM operations 
begins a t  CSM-LM separa t ion  and ends at t h e  i n i t i a t i o n  of t h e  powered- 
descent maneuver. The e r r o r  analysis of t h e  ascent po r t ion  begins at 
ascent burnout where it i s  assumed t h a t  t he re  i s  no a p r i o r i  knowledge 
of t h e  pos i t i on  and ve loc i ty  of t h e  LM. 

Each maneuver executed by the LM, except powered descent and launch 
from the  lunar  su r face ,  was assumed t o  be impulsive. Also ,  it w a s  
assumed t h a t  t he re  w a s  an execution e r r o r  of 1.0 Qs i n  each component 
of t h e  ve loc i ty .  

It was assumed t h a t  t he re  w q l d  3e a voice updete of t h e  LM guidance 
computer p r i o r  t o  each of t h e  maneuvers. Consequently, t rack ing  w a s  
terminated 10 minutes p r i o r  t o  the maneuvers i n  order t o  allow t i m e  
f o r  t h e  orbit-determination process and a voice update. For maneuvers 
t h a t  occurred behind the  moon, tracking w a s  terminated 10 minutes 
p r i o r  t o  lunar  occul ta t ion .  

Transearth Phase 

Three USB-stations simultaneously %racked t h e  CSM f o r  t h e  f irst  
20 hours of t he  t r ansea r th  phase. The two-way mode w a s  u t i l i z e d  for 
t h e  remainder of t h e  phase. Both two-way and three-way Doppler data 
were obtained at a r a t e  of one observation per  minute throughout t h e  
t r a n s e a r t h  phase. I n  addi t ion  t o  t h e  Doppler data, range measurements 
were taken by a l l  primary s t a t ions  a t  a rate of one observation pe r  
hour. 
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The solut ion computed a t  t he  end of t racking ,  when t h e  vehic le  was 
below 5’ elevat ion and i n  the  v i c i n i t y  of Guam, w a s  propagated t o  t h e  
nominal time of en t ry  i n t o  the  ea r th ’ s  atmosphere, which corresponds 
t o  approximately 400 000-ft a l t i t u d e .  

Although the  e r ro r s  assumed f o r  t h e  three-way Doppler b iases  were 
solved for ,  t h e  e r ro r s  assumed i n  the  other  b iases  and constants a f f ec t ing  
the  tracking data were not solved f o r  during any phase of t h e  mission. 

Table I11 contains the  t racking s t a t i o n s  whose data were used i n  
t h i s  analysis along w i t h  the  view periods during which the s t a t i o n s  
were tracking. 
o rb i t  , and t racking w a s  terminated during the  occul ta t ion  times. 
Approximately 72 minutes of data were accepted during each revolut ion 
of the CSM. The amount of data included i n  the  LM t rack ing  accuracy 
solut ions varied f o r  each maneuver and w a s  based on G&N update and 
maneuver times. 

The occul ta t ion cycle w a s  cmputed f o r  t h e  lunar parking 

ERROR ANALYSIS RESULTS 

The r e su l t s  of t h i s  e r r o r  analysis  a r e  p l o t t e d  as a funct ion of 
time from the  beginning of each phase. The results cons is t  of l o c a l  
RSS posi t ion and ve loc i ty  uncer ta in t ies  and represent  3-u values of t h e  
uncertainty i n  the  parameters based on MSFN t rack ing  data. 

The tracking coverage u t i l i z e d  i n  the study i s  p l o t t e d  against  t he  
Thus, o r b i t a l  same time sca le  as the  pos i t ion  and ve loc i ty  accuracies .  

accuracies a r e  p lo t t ed  as a function of t racking  time and of MSF” 
t racking coverage. 

The r e su l t s  of t h i s  analysis  a r e  summarized i n  t a b l e  I V .  Included 
i n  the  tab le  a re  the uncer ta in t ies  i n  the  components of pos i t ion  and 
veloc i ty ,  respect ively,  a t  t he  i n i t i a t i o n  of t h e  spec i f i ed  event.  
addi t ion t o  t h e  components, t he  uncer ta in i ty  i n  RSS pos i t i on  and ve loc i ty  
a r e  presented where: 

I n  

u = t he  standard deviat ion i n  a l t i t u d e  

u 

u 

X 

= t h e  standard deviat ion i n  the  downrange component of pos i t i on  

= t h e  standard deviat ion i n  the  out-of-plane component of  pos i t i on  
Y 

Z 

. 
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a -  a. a-  = t he  standard deviation i n  a l t i t u d e ,  downrange, and 
out-of-plane components of ve loc i ty ,  respec t ive ly  x’ y’ z 

u = (ux + u + a 2)1’2 = RSS of standard deviations i n  p o s i t i o n  P Y Z 

112 u = (a;;2 + u e 2  + a i 2 )  = RSS of standard deviations i n  ve loc i ty  
v Y 

The covariance matrices describing t h e  accuracy of t h e  RTCC o rb i t -  
determination program so lu t ions  at  various times i n  t h e  mission are 
included i n  the  Appendix. 

Table V contains t h e  covariance matrices used as a p r i o r i  knowledge 
at t h e  i n i t i a t i o n  of t h e  translunar, lunar  parking o r b i t ,  and t r a n s e a r t h  
phases. These covariance matrices w e r e  obtained by propagating t h e  
premaneuver covariance matrices through t h e  TLI ,  LOI ,  and TEI burns,  
respec t ive ly .  

I n  addition t o  these  r e s u l t s ,  t h e  reader is  r e f e r r e d  t o  
reference 3 i n  which general  error ana lys i s  s tud ie s  f o r  the AS-504A 
mission are reported.  

Earth Parking Orbit  Phase 

The e a r t h  parking o r b i t  r e su l t ed  from a 72O launch azimuth and was 
terminated at  TLI subsequent t o  the second pass over Carnarvon, Aus t r a l i a ,  

The e r r o r  analysis results fo r  t h i s  parking o r b i t  ( f i g .  1 and 2) 
are cons is ten t  with those reported i n  reference 4 f o r  t h e  72’ launch 
azimuth, second Pac i f i c  i n j ec t ion ,  and p o s i t i v e  lunar  dec l ina t ion  case.  
By comparing t h e  present r e s u l t s  a t  TLI t o  those i n  reference 4,  it can 
be seen t h a t  they a r e  among t h e  b e s t  cases from t h e  standpoint of l una r  
dec l ina t ion  (launch da te )  but are among t h e  worst cases from t h e  stand- 
po in t  of launch azimuth and in j ec t ion  pos i t i on .  The uncer ta in ty  i n  
t h e  pos i t i on  vector is dominated by t h e  uncertainty i n  t h e  downrange 
component ( a  ) and i n  ve loc i ty  by t h e  radial  component (a;). 
major cause of t he  comparatively l a r g e  uncer ta in ty  i n  these  two components 
i s  t h e  uncertainty i n  acce lera t ion  due t o  venting. 

The 
Y 
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Translunar Phase 

The r e s u l t s  foi. t h i s  phase a re  i n  c lose  agreement with those  re- 
ported i n  reference 5 even though t h e  dec l ina t ion  of t h e  moon d i f f e r s  
by about 30' f o r  t h e  t r a j e c t o r i e s  considered i n  t h e  two s tud ie s .  
(References 1 and 5 present ground t r acks  of t hese  t r a j e c t o r i e s .  ) 
i nd ica t e s  t h a t  t he  o r b i t a l  accuracies f o r  t h e  t r ans luna r  phase of t h e  
Apollo mission are not strongly dependent on t h e  da t e  of t h e  mission. 

This 

Figure 3 shows t h a t  the uncer ta in ty  i n  pos i t i on  tends t o  r i s e  
sharply during the  f irst  10 t o  12 hours af%er i n j e c t i o n  and t o  decrease 
rap id ly  during the  last  3 t o  4 hours p r i o r  t o  pericynthion arrival. 
Figure 4 shows t h a t  t h e  uncertainty i n  ve loc i ty  i n i t i a l l y  decreases and 
then increases j u s t  p r i o r  t o  pericynthion. The unce r t a in t i e s  i n  both 
pos i t i on  and ve loc i ty  a r e  mainly i n  t h e  out-of-plane components 
(uz and a * )  throughout t he  e n t i r e  t r ans luna r  phase. Z .  

Lunar Operations 

The analysis f o r  t h e  lunar  operations phase considers MSFN t rack ing  
of t h e  CSM i n  l una r  parking o r b i t  and of t h e  LM i n  f r ee - f l i gh t  descent 
and ascent .  

The figures f o r  t h i s  phase cons is t  of a p l o t  of t h e  unce r t a in t i e s  
i n  pos i t i on  ( f i g .  5 )  and ve loc i ty  ( f i g .  6 )of  t h e  CSM during t h e  times 
t h e  LM i s  descending and ascending. That i s ,  t h e  CSM o r b i t a l  
uncer ta in t ies  a r e  not shown during t h e  t i m e  t h e  LM i s  on the  lunar  
sur face .  

The LM pos i t i on  and ve loc i ty  unce r t a in t i e s  f o r  t h e  nominal times 
of t h e  descent and ascent maneuvers a r e  a l s o  given as d i s c r e t e  e n t r i e s  
on f igures  5 and 6. 
accuracies at  each maneuver t i m e .  One of t he  e n t r i e s  represents  t h e  
3-a uncertainty assoc ia ted  w i t h  a LM update vec tor  based on MSF" t rack ing  
data taken 10 minutes p r i o r  t o  t h e  maneuver o r  occu l t a t ion  time and 
propagated to  t h e  nominal time of the maneuver. 
a l s o  referenced t o  the nominal time of t h e  maneuver but  includes MSFN 
t rack ing  data up t o  the  maneuver o r  occul ta t ion  time. 

Two e n t r i e s  a r e  made f o r  t h e  LM t rack ing  

The second en t ry  i s  

It i s  pointed out t h a t  a judicious use of 3-way Doppler data would 
improve t h e  CSM o r b i t a l  accuracies,  e spec ia l ly  i n  t h e  out-of-plane 
components. This i s  ind ica ted  by t h e  so lu t ions  at te rmina l  phase i n i t i a -  
t i o n  where the LM o r b i t  (based on 3-way data) i s  known b e t t e r  than t h e  
CSM o r b i t  (based  on 2-way data).  

. 
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The unce r t a in t i e s  i n  posit ion and ve loc i ty  a r e  dominated by t h e  
unce r t a in t i e s  i n  t h e  out-of-plane components. 
i n  t h e  down-range and r a d i a l  components a r e ,  i n  genera l ,  l e s s  than  
10 percent of t h e  t o t a l  pos i t ion  and ve loc i ty  unce r t a in t i e s .  
of f igures  5 and 6 shows t h a t  both pos i t i on  and ve loc i ty  uncer ta in ty  
p l o t s  roughly resemble a sinusoidol curve. 
i s  b e s t  known at t h e  times when the  veh ic l e ' s  d i r e c t i o n  of motion i s  
approximately perpendicular t o  t h e  l i n e  of s i g h t  t o  t h e  e a r t h  and i s  
l e a s t  known when t h e  d i r ec t ion  of motion i s  approximately p a r a l l e l  t o  
t h e  l i n e  of s i g h t .  While t h i s  seems t o  be t r u e  of p o s i t i o n ,  t h e  converse 

,appears t o  hold f o r  t h e  uncertainty i n  velocity.  

That i s  , t h e  unce r t a in t i e s  

Inspec t ion  

It seems t h a t  t h e  pos i t i on  

Transearth Phase 

Figures 7 and 8 contain the p l o t s  of pos i t i on  and ve loc i ty  
unce r t a in t i e s  versus t racking  time from t r ansea r th  i n j e c t i o n .  

The c h a r a c t e r i s t i c s  of t h e  pos i t i on  and ve loc i ty  u n c e r t a i n i t i e s  
f o r  t h e  t r ansea r th  and translunar phases are similar i n  t h a t  u 
approaches a minimum near t h e  dominating body of a t t r a c t i o n ,  e a r t h  o r  
moon, and u approaches a maximum near t h e  a t t r a c t i n g  body. ve loc i ty  

p o s i t  ion 

CON C LUS I ONS 

1. The b e s t  o r b i t  determination accuracy noted i n  t h e  e a r t h  parking 
o r b i t  occurs subsequent t o  t h e  second pass over Bermuda at which time 
t h e  3-u unce r t a in t i e s  i n  pos i t ion  and ve loc i ty  a re  0 .3  n.  m i .  and 
2.2 f'ps , respec t ive ly .  

2. Assuming t h e  las t  tracking s t a t i o n  t o  view t h e  vehic le  p r i o r  
t o  TLI (Carnarvon) is  used purely as a command s t a t i o n  t h e  3-0 unce r t a in t i e s  
i n  pos i t i on  and ve loc i ty  at TLI a r e  3.1 n. m i .  and 21.3 o s ,  compared 
t o  1 .5  n. m i .  and 11.0 f'ps , respec t ive ly ,  i f  t h e  Carnarvon data a re  
included i n  t h e  e r r o r  ana lys i s  so lu t ion .  

3. The 3-0 unce r t a in t i e s  i n  pos i t i on  and ve loc i ty  l i e  between t h e  
bounds l2f2.5 n. m i .  and 0.5*0.25 f p s ,  r e spec t ive ly ,  during most of t h e  
t r ans luna r  phase. 
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4. The 3 4  unce r t a in t i e s  i n  pos i t i on  and ve loc i ty  at t h e  n m l n a l  
t i m e  of pericynthion, computed 25 minutes p r i o r  t o  perciynthion arrival, 
a r e  about 6.0 n.  m i .  and 27.5 fps of which about 2.0 n. m i .  and 7 fps  
a re  i n  plane and the  remainder i s  out of plane.  

5. 
lunar  parking o r b i t  l e v e l s  off t o  l e s s  than 0.5 n. m i .  and 2 fps  
(0.05 n. m i .  and 0.2 f p s  i n  plane) as lower bounds, and 2.0 n. m i .  and 
5.0 f'ps ( 0 . 1  n.  m i .  and 1.0 fps i n  plane) as upper bounds. These bounds 
a re  approached a t  approximately 90' i n t e r v a l s ,  and t h e  uncer ta in ty  i n  
ve loc i ty  approaches a minimum as the uncer ta in ty  i n  pos i t i on  approaches 
a maximum and v ice  versa. 

The 3-u unce r t a in t i e s  i n  pos i t i on  and ve loc i ty  of t h e  CSM i n  . 

6 .  A t  t h e  nominal t i m e  of T E I ,  t h e  CSM p o s i t i o n  and ve loc i ty  can 
be known t o  within an accuracy of 1.0 n.  m i .  and 4 f p s  ( 3 4 ) .  

7. The LM state vec to r s ,  computed 10 minutes p r i o r  t o  each maneuver, 
can be determined from MSFN t racking  d a t a  t o  wi th in  a 3-u accuracy of 
2.0 n. m i .  and 10.0 f p s  (1 .0  n.  m i .  and 5.0 f'ps i n  plane) a t  t h e  times 
of Hohmann t r a n s f e r ,  powered descent, CSI, TPI, MCC, and i n t e r c e p t  
maneuvers. 

8. The CDH maneuver occurs at a time when t h e  LM i s  occulted by 
t h e  moon, and t h e  LM s t a t e  vectors can be determined at t h i s  time t o  
a 3-u accuracy of  about 5.0 n. m i .  i n  pos i t i on  and 26.4 f'ps i n  ve loc i ty .  

9 .  The pos i t i on  and ve loc i ty  of t h e  CSM i n  t h e  r e t u r n  t o  e a r t h  
phase a r e  poorly determined from MSFN t racking  d a t a  while it i s  i n  the  
L S O I .  However, p r i o r  t o  leaving t h e  L S O I  t h e  unce r t a in t i e s  i n  both 
pos i t i on  and ve loc i ty  begin t o  improve considerably. 

10. The 3 4  unce r t a in t i e s  i n  pos i t i on  and ve loc i ty  a t  t h e  nominal 
time of reent ry  i n t o  t h e  e a r t h ' s  atmosphere are less than 1 .0  n. m i .  
and 8.0 f p s  (about 0.4 n. m i .  and 2.0 f'ps i n  p l a n e ) ,  respec t ive ly .  



Station 

ANT 
ASC 
EDA 
CNB 
CNV 
CRO 
CY1 
EGL 
GBI 
GST 
GUA 
GYM 
HAW 
MAD 

PAT 
m 

TABLE I. - TOPOCENTRIC STATION 
IDCATION UNCERTAINTIES (la) 

Type of radar 

FPQ-6, ~O~USBS 
TPQ-l8,3O1USBS 
TP&-6,301USES 
85 USBS 
FPS-l6,3O'USBS 
Fp&-6,30 USE 

-3~s-26 
FPS-16 

85 'USES 
TPQ-18 

30 ' USBS 
30 'USBS 
FPS-16, 30 US= 
85 USBS 
~ ~ - 1 6  
30'USBS 

Altitude, 
ft 

137 8 
- 

105.0 

216 .? 
131.2 
216.5 
105. 0 

131.2 

134 .5 

105.0 
134 5 
141.1 
141.1 
131.2 
131.2 

141.1 

131.2 

North-South 
component , f t 

116.4 
351.7 
120.1 
182.3 
107.1 
202.6 

105.1 
108.9 
99.4 
651.0 
107.6 
150 5 
9 08 
107 3 
97.0 

458.3 

East -West 
component,ft 

111.6 
344.9 
21.6 
192 5 
101.4 
19.6 
466.3 
101.4 
101.4 
111.5 
649.2 
101.4 
142 .o 
101.3 
101.4 
101.4 
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TABLE 11. - DATA CHARACTERISTICS ( l a ) &  

I 
i 

Range r a t e ,  fp s  I 
NoiseDt Bias 1 

-- I -- 

a 
1 1 3  2 Uncertainties : 

1-a g r a v i t a t i o n a l  uncertainty of e a r t h ,  u 

1-a g r a v i t a t i o n a l  uncertainty of moon, u 

1-a drag acce lera t ion  uncer ta in ty ,  a 4 . 4 6 5  x f t / s e c  

= 1.06 x 10 
= 7.1 x 10 ft  /see 

f t  /sec 
9 3  2 

ue 

2 urn 
ad 

where a i s  the  acce lera t ion  due t o  drag. 
2 d 

1-0 venting acce lera t ion  uncertainty,  Ga = 1.143 x f t / s e c  
v 

where av is  the  acce lera t ion  due t o  venting. 

bBased on 1-second sampling 

dThree -way doppler , a( rl+r2) 
C Two-way doppler, o ( $ ~ )  . 



TABU3 111.- T R A m N G  STATIONS VIEN PERIODS 

S ta t ion  

BDA 

CY1 

CRO 

CNB 

WHS 

CNV 

CRO 

HAW 

GST 

MAD 

GST 

GUA 

CNB 

HAW 

CNB 

MAD 

ASC 

ANT 

Ac qui s it ion 
g.e .t . , 

day :hr :min : sec 

0 : 00 : 11: 14 

0 :00 : 17 : 49 

0 : 00 : 53 : 49 

0 : 01 : 01:25 

0 : 01: 32 : 37 

o :01:36 :31 

o : 02 :26 : 49 

0 :02 : 47 :53 

0 :@ :53 :28 

0 : 04: 45 : U 

0 : 06 :05 : u. 
0 :08 :45 : 11 

0 : 11: 45 : U 

0 :13 : 45 :U 

o : 16 : 45 : U. 

0 : 18 : 45 : ll 

0 :22 : 45 : 11 

1 : 01: 45 : 11 

Termination 
g.e.t., 

day:hr :min:sec 
~- ~ ~~~~ ~~ 

0 :00 : ll: 3 1  

0 :oo :22 : 19 

o :OO :56 : 49 

0:01:03:44 

0 : 01: 37 : 07 

0 : 01: 40 :55 

0 : 02 :30 : 49 

o :E :53 :28 

0 : 04 : 45 : LL 

0 :06 :05 :n 
o : 08 : 45 :U. 

0 :XI-: 45 :11 

0 : 13 : 45 : 11 

0 : l6 : 45 : ll 

0 :18 : 45 : ll 

0 :22 : 45 : ll 

1 : 01: 45 :11 

1: 04 : 45 : LL 

Event 
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3 : 06 : 35: 45 

3 : 06 : 35: 45 

TABLF: 111.- TRACKING STATIONS v7Ew PERIODS - Continued 

I D 1  

, t a t i o n  

GST 

HAW 

CNB 

GUA 

MAD 

ASC 

ANT 

GST 

HAW 

CNB 

GUA 

MAD 

ASC 

MAD 

Acquisit ion 
g.e.t. 

day :hr:min:sec 

1: 04 : 45 : ll 

1:08: 45: U 

1: U: 45 : ll 

1 :16 : 45 : U. 

1:20 : 05 : ll 

1:23 : 45:ll 

2:02:45:ll 

2 :05 : 45 :ll 

2 : 09 : 45 : ll 

2 : 12 : 45 : ll 

2 : 17 : 45 : ll 

2 :20: 45: ll 

3 : 00 : 45: U. 

3: 02 : 45: ll 

MAD 

ASC 

EDA 

GST 

3 : 05 :25 : 45 

3 : 05 :25 : 45 

3 : 05 :25 : 45 

3 : 06 : 35 : 45 

~~ 

Terminat ion 

day :hr :min : sec 
g.e.t., 

1: 08 : 45 :ll 

1: ll: 45 : ll 

1:16 : 45 : IL 

1:20 : 05 : ll 

1 : 23 : 45 : ll 

2 : 02 : 45 : ll 

2 :05 : 45 : ll 

2 :09 : 45 : ll 

2 : 12 : 45 : ll 

2 :17 : 45 : ll 

2 :20 : 45 : 11 

3 : 00 : 45 : ll 

3 :02 :45:ll 

3:04:25:U 

Event 

rL MCC (ISOI) 



TABLE 111.- TRACKING STATIONS VLEW PERIODS - Continued 

S ta t ion  

CNB 

MAD 

GST 

CNB 

MAD 

CNB 

GUA 

CRO 

CNB 

GUA 

CRO 

CNB 

GUA 

CRO 

CNB 

GUA 

CRO 

Acquisit ion 
g.e.t., 

d av : h r  : min : s ec 

3 : I2 :22 : 45 

3 : 20 : 00 : 4.5 

4: I2 : 06 : 4.5 

4 : 15 : 10 : 4.5 

4 : 19 : 33 : 45 

3 : I2 :22 : 45 

3 : I2 :22 : 45 

3 : J.2 :22 : 45 

3 : 13 : 32 : 18 

3 : 13 : 32 : 18 

3 : 13 : 32 : 18 

4: 14: 34: 3.5 

4: 14: 34: 35 

4 : 14: 34 : 35 

4: 1.5 : 03: 06 

4: 1.5: 03 : 00 

4: 15 : 03 : 00 

Termination 

day : h r  : min : sec 
g.e .t., 

3 : 20 : 00 : 45 

4 : I2 : 06 : 45 

4:1.5:10:45 

4: 19 : 33 : 4.5 

4:23 : 44: 45 

3 : I2 : 40 : 45 

3 : I2 : 40: 45 

3 : I2 : 40 : 45 

3 : 13 : 5 1  : 18 

3 : i 3  : 51: 18 

3 : 13 : 51: 18 

4 : 1.5 : 02 : 59 

4: 15 : 02 : 59 

4 : 15 : 02 : 59 

4: 1.5 : I2 : 00 

4: 15 : I2 : 00 

4 : 15 : I2 : 00 

Event 

E1 

3ohmann t r a n s f e r  

Powered descent 

CDH 
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TPI 

TABU 111.- TRACKING STATIONS VIEW PERIODS - Continued 

MCC 

t a t i o n  

CNB 

GUA 

CRO 

CNB 

GUA 

CRO 

CNB In te rcept  
(No da ta  taken)  

MAD 

EDA 

ASC 

ANT 

GST 

HAW 

GUA 

CRO 

CNB 

CRO 

Acquisit ion 
g.e.t., 

day : h r  : min : sec 

4 : 16 : 01: 48 

4: 16 : 01: 48 

4: 16 : 01: 48 

4 : 16 : 23 : 18 

4 : 16 : 23 : 18 

4 : 16 :23 : 18 

4: 16 : 56 : 18 

~~ 

4 2 3  : 50 : 06 

4:23 : 50: 06 

4:23 : 50 : 06 

5 : 04: 30 : 06 

5 : 07 : 30: 06 

5 : 07 : 30: 06 

5 : 12 :30: 06 

5 :15 : 30: 06 

5 : 15 : 30 : 06 

5 :20 : 30 : 06 

Termination 

day : h r  : min : sec 
gee  .t., 

4 : 16 : 23 : 18 

4: 16 :23 : 18 

4 : 16 :23 : 18 

4: 16 : 56 : 18 

4 : 16 : 56 : 18 

4: 16 : 56 : 18 

4: 17 : U: 18 

5 : 07 : 30: 06 

5 : 04: 30: 06 

5 : 07 : 30 : 06 

5 : 12 : 30 : 06 

5:15:30:06 

5 : 15 : 30: 06 

5 : 19 : 30 : 06 

5: 19: 30: 06 

5 :20 : 30: 06 

5 :23 : 30 : 06 

Event 

E31 

MCC 

. 

. 



TABLF, 111.- TRACKU'?G STATIONS VlEW PERIODS - Continued 

t a t i o n  

MAD 

ASC 

ANT 

GST 

GUA 

CNB 

CRO 

MAD 

ASC 

ANT 

GST 

GUA 

CNB 

CRO 

MAD 

ASC 

Acquisit ion 
g b e a t . ,  

day :hr : min : sec 

5 :23: 30 : 06 

6 : 03 : 30 :06 

6 : 06 3 0 :  06 

6 : 09: 30: 06 

6 :13 : 30: 06 

6 : 16 : 30: 06 

6 : 19: 30:06 

6 :22 : 30: 06 

7 : O2 : 30:06 

7: 05 : 30:06 

7 :Og : 30 : 06 

7 : 14: 30 : 06 

7 : 17 : 30 : 06 

7 :20 :30:06 

7 :23 : 30 : 06 

8 : 03 : 30 : 06 

Termination 

day:hr:min:sec 
g e e a t . ,  

~~~~ 

6 : 03 : 30: 06 

6 : 06 : 30: 06 

6 : 09 : 30: 06 

6 : 13 : 30 : 06 

6 : 16: 30 : 06 

6 : 19: 30: 06 

6 :22 : 30: 06 

7 : 02 : 30 : 06 

7 : 07 : 30: 06 

7 : 09 : 30 : 06 

7 : 14 : 30 : 06 

7 : 17 : 30: 06 

7 :20 : 30 : 06 

7 2 3 :  30 : 06 

8 : 03: 30: 06 

8: 07 : 30 : 06 

Event 

WC 
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TABLF: 111. - TRACKING STATIONS VIEW PERIODS - Concluded 

; t a t ion  g.e.t., 
day :hr :min: sec 

MAD 

ANT 

GST 

CNB 

GUA 

MAD 

GUA 

8 : 07 : 30 :06 

8 : 09: 30: 06 

8: 13: 30: 06 

8 : 17 : 30: 06 

. 8:20:30:06 

8 :22 :30 : 06 

9 : 01: 50:06 

Termination 
g.e.t., 

day:hr:min:sec 

8: 09: 30: 06 

8 : 13 : 30 : 06 

8: 17 : 30 : 06 

8 :20: 30: 06 

8 :22 : 30 : 06 

9:01: 50:06 

9 : 02 : 30 : 06 

Event 
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Figure 1.- Local RSS position uncertainty in earth parking orbit. 
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Figure 2.- Local RSS veloclty uncertainty in earth parking orbit. 
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APPENDIX 

COVARIANCE MATRICES 

TABU A - I . -  1-u COVARIANCE MATRICES 

Format fo r  Covari ance Matrices 

U 
xy 

U xz u *  xx u -  
Xy 1 

uii I u =  
YY 

J 

The coordinate system fo r  t h e  covariance matrices i s  as follows: 

x i s  i n  t h e  d i r ec t ion  of t h e  vehicles  radius  vector  from t h e  
reference body ( ea r th  o r  moon) a t  t h e  time of t h e  event. 

y i s  i n  t h e  vehic le ' s  o r b i t a l  plane about t h e  reference body 
i n  t h e  d i rec t ion  of t h e  vehicle  motion and i s  orthogonal t o  x. 

i s  orthogonal t o  both x and y such t h a t  (x,y,z)forms a z 
r i  ght h ande d , re c t angular Cart es i an c oor di nat  e s y s t em. 

The un i t s  f o r  pos i t ion  and ve loc i ty  a re  f e e t  and f e e t  per  
second, respectively.  
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